We present the results of a coronagraphic scattered-light imaging survey of six young disk candidate stars using the Hubble Space Telescope Advanced Camera for Surveys. The observations made use of the 1.
Introduction
The study of dusty circumstellar disks around young stars informs our understanding of the planet formation process and the development of planetary systems including our solar system. In the first few million years of a star's life, planets may form in circumstellar disks through a poorly understood process of grain growth and gravitational instabilities followed, in the case of giant planets, by a gas accretion phase (e.g. Lissauer 1995) . As a young star evolves towards the main sequence, its protoplanetary disk changes due to accretion of material onto the star, outflows, radiation pressure, and planet formation. As a protoplanetary disk ages, these processes cause dust emission to decrease as small grains coagulate into larger bodies, or are removed from the system (e.g. Beckwith & Sargent 1996; Zuckerman 2001) . Evolution continues even after the epoch of planet formation as collisions between residual planetesimals replenish dust in debris disks (e.g. Habing et al. 2001 ).
High-resolution observations reveal disk morphologies that are used to break degeneracies that plague analyses based on spectral energy distributions (SEDs) alone. The imaging of circumstellar disks has been greatly enhanced by the instruments of the Hubble Space Telescope (HST). In particular, debris disks and Herbig Ae/Be disks have been resolved in scattered light through coronagraphic observations with NICMOS (e.g. Schneider et al. 1999 Schneider et al. , 2005 , STIS (e.g. Grady et al. , 2005 , and ACS (e.g. Clampin et al. 2003; Ardila et al. 2004; Krist et al. 2005; Kalas et al. 2006 ). The stars with resolved disks exhibit a wide range of spectral types (B9.5 -M1) and reside in both pre-main-sequence and mainsequence stages of stellar evolution. Many of the disks show warps, clearings, and spiral structure that may indicate the presence of planets. Scattered-light imaging reveals the disk independent of its temperature, thereby eliminating the need to detect thermal emission. This is particularly important in resolving the outer regions of a disk where the dust grains may be too cold to detect in mid-to far-IR emission, and the resolution provided by current (sub)millimeter observations is often not adequate.
Intermediate mass stars (∼2 -10 M ⊙ ) are particularly accessible candidates for disk imaging. They are bright enough to have been identified as IR excess sources by IRAS and/or ISO mid-to far-IR photometry. Complementary ground-based data are frequently available, or can be readily obtained with follow-up observations. Most well-studied debris disk systems in the intermediate mass range (e.g. Vega, β Pictoris) are thought to be preceded by a Herbig Ae/Be phase. However, the transition from a primordial protoplanetary dust disk to one in which the circumstellar material is replenished via collisions between orbiting bodies is not well understood. Additionally, intermediate mass stars provide a link between disk evolution in low mass, post-T Tauri stars, and high mass pre-main sequence stars such as those found in ultra-compact HII regions (Waters & Waelkens 1998) .
Among the Herbig Ae/Be stars, the circumstellar dust may not be confined to a disklike geometry. Observations of these systems have also been interpreted as dust distributed in envelopes instead of disks, or as a compact disk component embedded within a spherical envelope component (e.g. Miroshnichenko et al. 1999; Millan-Gabet et al. 2001; Elia et al. 2004) . Indeed, the high-resolution HST observations of these systems have revealed prominent non-disk features. This is consistent with an evolutionary scenario where an infalling envelope serves as a reservoir for the disk, and eventually dissipates as the material is used for planet formation, captured in a debris disk, and escapes the system. We carried out a coronagraphic imaging study of three Herbig Ae/Be stars and three debris disk candidate stars using the Hubble Space Telescope Advanced Camera for Surveys in order to spatially resolve the distribution of circumstellar material around these young stars, and contribute to the growing database of disk systems. The source selection, coronagraphic observations, and data reduction procedure are discussed in §2. The imaging results and a discussion of the data are presented in §3 and §4, respectively. The main conclusions of the present work are summarized in §5.
Source Selection, Observations, and Data Processing

Source Selection
Expanding the number of spatially resolved young disk systems was a primary goal of this study, and thus, our six sources were selected from a pool of candidate stars found in the literature that had not been previously imaged in scattered light with the ACS coronagraph. All sources have been identified as either Herbig Ae/Be stars or debris disk candidate systems with spectral types ranging from A -G. The classification of HD 158643 (51 Oph) as a Herbig Ae/Be star is not very well established (e.g. van den Meeus et al. 2001 ), but it is considered one for the purposes of this paper. Their measured IR excesses indicate the presence of circumstellar material and have values that are within the range of L IR /L * values of disks previously resolved with ACS ( 10 −5 ). Published multi-wavelength photometry that yields well-constrained spectral energy distributions is available for each source. As a group, the stars have been observed at mid-IR wavelengths with IRAS, ISO, the Spitzer Space Telescope, and various ground-based imagers and spectrographs. Circumstellar gas has been probed in most of the sources through millimeter CO observations or optical/infrared spectroscopy. The infrared and millimeter observations are generally interpreted as emission arising from a circumstellar disk in each of these systems. Stellar proximity was also a selection criterion since a non-detection due to circumstellar material hidden behind the occulter becomes more likely with increasing distance. Thus, the selected sources are all located at d < 200 pc based on Hipparcos parallax measurements. However, Piétu et al. (2003) have suggested a revised distance of 400 pc for HD 34282, well above the upper limit set by the Hipparcos uncertainty. Properties of our disk candidate stars and corresponding PSF reference stars are listed in Tables 1 and 2 , respectively.
The reported infrared excesses and SED profiles indicate that our sample includes disk systems from both the optically-thin and optically-thick regimes. The Herbig Ae/Be stars HD 34282 and HD 97048 are likely surrounded by optically-thick disks. HD 158643 may be an intermediate case with a marginally optically-thin disk in which most of the material is close to the star. The three closest systems, HD 139450, HD 159492, and HD 195627, are considered optically-thin main-sequence debris disk stars.
Observations and Data Processing
The stars were observed with the Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) High Resolution Channel (HRC) during Cycle 13. The HRC has a pixel scale of ∼0.
′′ 025 pixel −1 and a point-spread function (PSF) FWHM of 63 mas at V . As this observational program was a search for circumstellar disks, the targets were imaged through a single filter, F606W (broad V ). The 1.
′′ 8 occulting spot was used for all coronagraphic exposures. Observational parameters for all targets are listed in Table 3 . In addition to the occulted exposures, direct, non-coronagraphic, exposures were taken of each star in order to obtain photometry. Exposure times were determined from previous ACS coronagraphy programs (e.g. 9295, 10330) and the ACS Exposure Time Calculators.
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Each disk candidate star was assigned a PSF reference star for subtraction. The PSF reference stars were selected based on their proximity on the sky to the disk candidate, V magnitude brighter than the disk candidate, and similar (B −V ) color and spectral type. Disk candidate stars and the corresponding PSF reference stars were observed on consecutive orbits. The recommended observing strategy presented in the ACS Instrument Handbook 2 was followed: the disk candidate stars were observed with direct exposures followed by the coronagraphic exposures, whereas the PSF reference stars were observed in the coronagraphic mode first, followed by the direct exposures. This was done so the coronagraph, which can change position slightly when cycled, was not reconfigured between the observations of the disk candidate and corresponding PSF reference star. All images were initially processed with the HST pipeline. A pixel area map correction was applied to each direct exposure image according to the ACS Data Handbook 3 in order to perform point-source photometry. This correction accounts for the geometric distortion present in flat-fielded HST/ACS images by compensating for pixel area distortion. Aperture photometry was performed on each disk candidate and PSF reference target using a 5.
′′ 5 (220 pixel) radius. Several photometric observations were saturated. However, an HRC gain of 4 e − per data unit ensures that the flux from saturated pixels will overflow into surrounding pixels so data is not lost.
4 The aperture was large enough to capture all the flux in each image. The transformation from counts s −1 to standard V magnitudes was carried out with the STSDAS synthetic photometry package SYNPHOT assuming the spectral types given in Tables 1 and 2 . The photometric measurements are shown in Table 4 . The photometry was used to normalize the coronagraphic PSF reference star exposures before subtraction from the disk candidate star images. Examples of occulted disk candidate and PSF reference star images prior to subtraction are shown in Figure 1 .
The PSF reference images were iteratively shifted using a cubic convolution interpolation and subtracted from the disk candidate images until the residual scattered-light patterns were visibly minimized. The final alignments are good to within ±0.05 pixels. After the best shifts were determined, the residual images were corrected for geometric distortion. This correction is carried out using a set of distortion coefficients in a function that outputs an undistorted 0.
′′ 025 pixel −1 image to a 1208 × 1208 pixel array. The geometric distortion correction was performed after the registration and subtraction to avoid errors which may be introduced by the routine's interpolation. The undistorted residual images were rebinned (2 × 2) in an effort to enhance the visibility of any circumstellar material. The residual images are dominated by subtraction errors out to a radius of ∼2 ′′ from the occulted star's position.
Surface brightnesses were converted to Jy arcsec −2 and mag arcsec −2 using the CAL-CPHOT task in the SYNPHOT package. Using the calibrated PHOTFLAM value, we derived the following set of surface brightness conversions for the A0 stars: 1.49 × 10
Jy arcsec −2 per counts s −1 arcsec −2 and SB(mag arcsec −2 ) = -2.5log[SB(mJy arcsec −2 )] + 16.4. This assumes the counts s −1 value has been sky subtracted and includes the 47.5% throughput correction for coronagraphic observations discussed in the ACS Data Handbook.
Results
Detection of Circumstellar Material Around HD 97048
The PSF-subtracted images revealed resolved circumstellar material around one of the sources in our survey, the Herbig Ae/Be star HD 97048 (Figure 2 ). The material extends to a radial distance of ∼4 ′′ in almost all directions, or ∼720 AU given the assumed distance of 180 pc. The inner radius cannot be determined from our HST/ACS coronagraphic image due to the subtraction residuals that dominate the region within an angular distance of ∼2 ′′ from the star. The image is not contaminated by background objects, though a few negative regions appear in the field shown in Figure 2 because of foreground/background objects in the PSF reference star field.
The circumstellar nebulosity does not have a spatially uniform azimuthal distribution, but instead appears to have structure. Several features in HD 97048's circumstellar material are indicated with arrows in Figure 3 . Spiral-like structure is especially prominent on the material's north side at a projected distance of ∼3 ′′ with a subtraction artifact passing through it (labeled A in Figure 3 ). We estimate a signal-to-noise ratio (S/N) of 6.1 for this feature. A faint extension (Figure 3 , B) that goes beyond 4 ′′ with a S/N of 3.7 is observed on the northeast side. It appears to merge with the surrounding reflection nebulosity on the sky. Clumpy features (S/N = 3.1) are seen in the system's southern region (Figure 3 , C). Faint filamentary structure also appears in the southwest (Figure 3, D) and northwest regions (Figure 3 , E) with S/N of 2.9 and 2.4, respectively. It is not known if these filaments are associated with a disk or if they are part of a circumstellar envelope.
We measure a V -band azimuthally-averaged peak surface brightness of 19.6 ± 0.2 mag arcsec −2 at a projected distance of r = 2 ′′ (the approximate outer edge of the region dominated by subtraction residuals). The radial surface brightness profile of the circumstellar material from r = 2 ′′ to r = 7 ′′ appears smooth and decreases nearly monotonically ( Figure  4) . A power-law fit to the profile yields I = [(5.6 ± 2.9) × 10
−4 ]r −3.3±0.5 + (3.2 ± 1.1) × 10 −6 (units of I are Jy arcsec −2 and r is in arcsec). The integrated flux from r = 2 ′′ to r = 4 ′′ is 16.8 ± 0.1 mag. This flux corresponds to a scattered-light fractional luminosity of L sca /L * > 8.4 × 10 −4 , smaller than HD 97048's IR fractional excess by a factor of 475. The discrepancy between the scattering luminosity and IR excess is expected given that much of the scattering is done in the occulted region, and if the material is distributed in an optically thick disk, most of the mass resides in the dark midplane. HD 97048's circumstellar material properties determined from our scattered-light image are summarized in Table 5 .
Previous observations of HD 97048 have provided evidence for both disk and envelope dust distribution components. Thé et al. (1986) concluded based on a photometric and spec-troscopic study that HD 97048's infrared excess is due to dust in a flattened shell structure or pole-on disk. Davies et al. (1991) report that the observed reddening of E(B −V ) = 0.36 is mostly intracloud and the amount of circumstellar reddening is actually negligible, consistent with a distribution seen pole-on. The unresolved SEST 1.3 mm map and flux measurement indicates dust distributed in a disk-like geometry (Henning et al. 1993 (Henning et al. , 1998 . Spatially resolved nanodiamond features at 3.43 and 3.53 µm consistent with emission from the inner region (< 15 AU) of a pole-on disk have been observed (Habart et al. 2004 ). Additionally, Acke & van den Ancker (2006) observed double-peaked [OI] emission around HD 97048 that they attribute to a rotating disk with a position angle of 160 ± 19
• east of north.
The mid-IR spectral regime has been used to probe both components' structure and composition. Mid-IR extended emission has been detected on scales of 5 -10 ′′ and modeled as an envelope of transiently heated very small grains and PAHs (Prusti et al. 1994; Siebenmorgen et al. 2000) . More recent high-resolution mid-IR spectroscopic observations by van Boekel et al. (2004) have measured spatially resolved 10 µm emission (continuum and UIR bands) within a few hundred AU of the star. The authors propose that this emission originates in a flared disk. The 8.6 µm imaging of HD 97048 by Lagage et al. (2006) revealed spatially extended emission in the system's inner region (< 2.
′′ 1) as well. They model their observational results as PAH emission from the surface layer of a vertically optically thick flared disk with an inclination of 42.8
• from pole-on.
Based on the observational evidence, in particular the mid-IR studies, it seems likely that HD 97048's circumstellar environment consists of a flared disk plus a diffuse remnant envelope. There is little spatial overlap between our scattered-light image and the previous mid-IR observations. Instead, our image probes an intermediate region approximately bounded by the extended envelope emission detected by Prusti et al. (1994) and Siebenmorgen et al. (2000) and the resolved inner disk region Lagage et al. 2006) . Our scattered-light image does not appear to contradict the mid-IR results and could be interpreted as the outer region of an inclined disk. However, we cannot rule out a contribution to our image from a circumstellar envelope.
Non-detections
PSF-subtracted images of the other program stars (HD 34282, HD 139450, HD 158643, HD 159492, and HD 195627) do not reveal the presence of circumstellar material seen in scattered light in these systems. An example of a non-detection among the Herbig Ae/Be stars (HD 34282) is shown in Figure 5 . No material is observed beyond the subtraction residual region. An azimuthally-averaged radial surface brightness profile of HD 34282 falls off rapidly from 21.4 to 22.8 mag arcsec −2 between r = 2 ′′ to 3. ′′ 5, compared to the more gradual fall-off measured in the HD 97048 system (Figure 6 ). PSF mismatches of varying degree are observed in the subtracted images for HD 139450, HD 158643, HD 159492, and HD 195627. The mismatch results in the presence of an artificial halo around the subtracted target. These mismatches may be caused by Optical Telescope Assembly (OTA) breathing or a slight color difference between the disk candidate and PSF reference stars. In order to quantify the non-detections, we report upper limits to the surface brightness in the region where the presence of a disk might be expected and sky brightness upper limits. The disk region was defined as an annulus centered on the spot between radii of 2 ′′ and 4 ′′ (80 and 160 pixels). The sky measurements were made in an annular region between radii of 5.
′′ 6 and 6. ′′ 5 (224 and 260 pixels), also centered on the spot. Table 6 lists the disk surface brightness 3σ upper limits and the sky brightness 3σ upper limits for the five non-detections.
Discussion
The number of Herbig Ae/Be stars with circumstellar material resolved in scattered light remains relatively small. In addition to HD 97048, material around HD 100546, AB Aurigae (AB Aur), HD 163296, and HD 141569A has been resolved by HST coronagraphy. HD 141569A may be a transitional object between the pre-main sequence protoplanetay disk and main-sequence debris disk phases ) and has been included as an upper evolutionary bound. Table 7 lists stellar and circumstellar material properties for these previously-imaged systems, HD 97048, and the two Herbig Ae/Be non-detections from this study (HD 34282 and HD 158643) .
Each of the previously-imaged Herbig Ae/Be systems show complex morphology with structures such as spiral arms, dark and bright lanes, and gaps. These structures have been generally attributed to the effects of orbiting planets or encounters with nearby stars. The circumstellar material around HD 97048 is currently the most distant to be resolved in scattered light with HST coronagraphic observations. Therefore, the material's features will be more difficult to identify than its closer counterparts. However, a comparison between the previously-imaged systems and HD 97048 will permit a qualitative analysis of our data in terms of the larger pool of resolved disk, or disk plus envelope, Herbig Ae/Be systems. Spiral-like structure is a trait that HD 97048 shares with AB Aur, HD 100546, and HD 141569A Clampin et al. 2003) , though it is less prominent than that observed in the other systems. A large-scale clearing, such as the one found around HD 141569A, is not observed in the HD 97048 circumstellar material. This may indicate that such a clearing is not present in the HD 97048 system, or we are unable to resolve it given the star's distance. Like AB Aur, the surface brightness of HD 97048's circumstellar material decreases nearly monotonically with radius without the suggestion of large gaps, though the radial falloff in HD 97048 is steeper than that observed around AB Aur (I ∝ r −2 ; Grady et al. 1999 ). However, HD 97048's surface brightness falloff is in good agreement with the value measured for HD 163296's outer disk (I ∝ r −3.5 beyond 370 AU; and HD 100546's disk region (I ∝ r −3.1 within 5 ′′ ; ). The observations of HD 97048 taken in total suggest that it belongs to a group of Herbig Ae/Be stars that have circumstellar environments consisting of a disk plus an extended envelope. HD 100546, HD 163296, and AB Aur are also likely members of this group.
Despite evidence that indicated the presence of disks, or more generally, circumstellar material, around all of our targets, there were 5 non-detections. One explanation is that these targets are surrounded by disks, but their projected size is small enough to be completely hidden behind the occulting spot or lost in the PSF-subtraction residuals. Given its revised distance of 400 pc, this may be the case for HD 34282. The CO J = 2 → 1 line emission, 1.3 mm continuum, and 3.4 mm continuum observations of Piétu et al. (2003) indicate a CO disk in Keplerian rotation with a derived outer radius of 835 AU. At that distance, the disk's outer radius would be near the inner edge of the ACS coronagraph's measurable region (∼2 ′′ ). Dent et al. (2005) observed a double-peaked 12 CO J = 3 → 2 line profile and estimated a disk outer radius of 360 AU at 400 pc, further suggesting that the disk is inaccessible to the ACS coronagraph.
A disk hidden behind the occulter may account for the HD 158643 (51 Oph) nondetection as well. This source's SED has a significant near-to mid-IR excess, but then drops off longwards of 25 µm, suggesting an absence of cold grains (e.g. Jayawardhana et al. 2001; Leinert et al. 2004 ). Thi et al. (2005) reported the detection of CO bandhead emission, indicating the presence of hot (2000 -4000 K) and dense molecular gas in the system. The authors model the emission as originating from a nearly edge-on dust-poor gas disk which is within an AU of the star and undergoes Keplerian rotation. Schneider et al. (1999) used 51 Oph as a PSF reference star for NICMOS coronagraphic imaging of HR 4796A, implying they saw no evidence of extended circumstellar material in their observations of this source. Also, Schütz et al. (2004) did not detect a disk with ground-based near-IR coronagraphic imaging. Taken together, the observations suggest a very compact disk surrounding 51 Oph that is blocked by the occulter in coronagraphic imaging.
The debris disk candidate non-detections (HD 139450, HD 159492, HD 195627) could also be the result of disks hidden by the occulter. Kalas et al. (2006) introduced the classification of debris disks into two categories based on the radial dust distribution: 20 -30 AU wide narrow belts and more extended disks > 50 AU in width. The narrow belt systems may be particularly susceptible to total coverage by the coronagraphic mask. Another possibility is that a disk's surface brightness may be too faint to be detected by ACS. Our closest targets, HD 159492 and HD 195627, have estimated ages of 200 Myr and IR optical depths (L IR /L * ) of 1 × 10 −4 (Zuckerman & Song 2004) , at the lower end of the range for detected disks. The nearby Fomalhaut ring-like disk system (d = 7.7 pc) has L IR /L * = 5 × 10 −5 , the lowest IR optical depth of any debris disk resolved with the ACS coronagraph thus far . The HD 139664 disk system has an IR optical depth of 0.9 × 10 −4 (Kalas et al. 2006), comparable to HD 159492 and HD 195627. However, HD 139664 is seen nearly edge-on. Therefore, disks around HD 159492 and HD 195627 may have dissipated to a level that is not detectable with current instruments. If the circumstellar material is present in a more diffuse, low-surface brightness distribution such as an envelope, or a near face-on oriented disk, it may fall below the detection threshold as well. We also note HD 139450's uncertain optical-IRAS association as another possible reason for not detecting circumstellar material around this source (Sylvester & Mannings 2000) . Properties of our debris disk candidate non-detections are compared to a subset of debris disks detected with ACS in Table 8 .
Summary
The scattered-light coronagraphic images reveal circumstellar material around the Herbig Ae/Be star HD 97048 extending to ∼4
′′ . The material has a V -band azimuthally-averaged peak surface brightness of 19.6 ± 0.2 mag arcsec −2 , with a radial profile that decreases monotonically as I ∝ r −3.3±0.5 . We measure an integrated flux of 16.8 ± 0.1 mag, yielding a scattered-light fractional luminosity lower limit of > 8.4 × 10 −4 . The material has azimuthal variations similar to spiral-like structure observed in Herbig Ae/Be disks coronagraphically imaged in scattered-light. One intriguing possibility is that such features arise from the presence of perturbing bodies in the system. Multiband scattered-light coronagraphic imaging of HD 97048 is needed to permit a more detailed analysis and further our understanding of the system's circumstellar dust properties. We also report five non-detections: HD 34282, HD 139450, HD 158643 (51 Oph), HD 159492, and HD 195627. Possible explanations for these non-detections include surface brightness levels below the detection threshold of the ACS HRC, or a disk that is completely hidden by the coronagraph's occulting spot. This work was supported by NASA/STScI GO-10425.01 and NASA grant NAG5-12595. This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France. We thank E. Pantin for useful discussions about the HD 97048 VISIR image. -V -band azimuthally-averaged radial surface brightness profile of the circumstellar material around HD 97048 from r = 2 ′′ to r = 7 ′′ . The dashed line indicates the best-fit to the measured data. The shaded area shows the upper and lower bounds of the fit based on the uncertainties in the parameters. This uncertainty reflects the standard deviation of the average surface brightness, which varies due to intrinsic structure (such as spiral-like features) and systematic effects from the PSF subtraction. (bottom row). A sky value of 0.0064 counts s −1 was used for the conversion. a This is the revised distance for HD 34282 determined by Piétu et al. (2003) . Its Hipparcos distance is 160 a This ratio is a lower limit since the disk is optically thick. 
